The Mlcl gene of Drosophila melanogaster encodes two MLCl isoforms via developmentally regulated alternative pre-mRNA splicing. In larval muscle and tubular and abdominal muscles of adults, all of the six exons are included in the spliced mRNA, whereas, in the fibrillar indirect flight muscle of adult, exon 5 is excluded from the mRNA. We show that this tissue-specific pattern of alternative splicing of the Mlcl pre-mRNA is conserved in D. simulans, D. pseudoobscura, and D. virilis. Isolation and sequencing of the Mlcl genes from these three other Drosophila species have revealed that the overall organization of the genes is identical and that the genes have maintained a very high level of sequence identity within the coding region. Pairwise amino acid identities are 94%99%, and there are no charge changes among the proteins. Total nucleotide divergence within the coding region of the four genes supports the accepted genealogy of these species, but the data indicate a significantly higher rate of amino acid replacement in the branch leading to D. pseudoobscura. A comparison of nucleotide substitutions in the coding portions of exon 5 and exon 6, which encode the alternative carboxyl termini of the two MLC 1 isoforms, suggests that exon 4 is subject to greater evolutionary constraints than is exon 6. In addition to the coding sequences, there is significant sequence conservation within the 5' and 3' noncoding DNA and two of the introns, including one that flanks exon 5. These regions are candidates for cis-regulatory elements. Our results suggest that evolutionary constraints are acting on both the coding and noncoding sequences of the Mlcl gene to maintain proper expression and function of the two MLCl polypeptides.
Introduction
During the evolution of multicellular organisms, the development of specialized organs and tissues has coincided with the diversification of protein isoforms. A particularly striking example of isoform diversification is that seen in muscle. In both vertebrates and advanced invertebrates such as Drosophila, multiple isoforms of most of the structural and enzymatic components of muscle have been reported (Emerson et al. 1986, pp. 2 13-485 ) . The two primary routes by which this protein diversity is generated are gene duplication and alternative pre-mRNA splicing (Andreadis et al. 1987; Breitbart et al. 1987) . Particular suites of muscle protein isoforms are unique to specific muscle types. For instance, in D. mdanogaster there is an indirect flight muscle-specific isoform of actin (Fyrberg et al. 1983 ) , myosin heavy chain ( Bernstein et al. 1986; Kazzaz and Rozek 1989; O'Donnell et al. 1989; Collier et al. 1990) , myosin alkali light chain (Falkenthal et al. 1987) ) and tropomyosin (Basi et al. 1984; Karlik and Fyrberg 1986 ) . The indirect flight muscle, or IFM, is distinctive morphologically and physiologically (Tregear 1975; Crossley 1978) . It is the only fibrillar muscle of the fly and is characterized by a 6: 1 ratio of thick to thin filaments and extremely short l-bands, compared with other muscle types. The IFM is also the only asynchronous muscle of the fly; that is, the frequency of muscle contraction is far in excess of the frequency of nervous stimulation. The myofibers of the IFM require the mechanical stretch that occurs with each wing beat for their full activation. This suggests that the different contractile protein isoforms may have evolved to perform specific functions related to the functional demands of the different muscle types.
We have been studying alternative splicing of the myosin alkali light-chain gene (Mlcl, formerly MLC-AU) of D. melanogaster, with the goal of understanding both how tissue-specific alternative splicing of this gene is regulated and the functional significance of the tissue specificity of the isoform expression. The Mlcl gene comprises six exons, which are spliced in two alternative ways. In larval muscle and in the tubular and supercontractile muscles of adults, all six exons are joined in the mature mRNA. In the IFM, exon 5 is excluded from the mRNA (Falkenthal et al. 1985 (Falkenthal et al. , 1987  alternative 14-amino-acid carboxyl-terminal sequences that are encoded by exon 5 and exon 6. Previous work has shown that regulation of alternative splicing occurs at the level of splice-site selection (Falkenthal et al. 1987) and that the larval/tubular muscle splicing pattern represents the default splicing pathway ( Skoulakis 1990 ) . This latter finding suggests that trarzs-acting factors present only in the IFM are required for utilization of the IFM-specific splicing pathway. Mutational analysis of the splice sites that flank exon 5 has ruled out a simple blockage model of splicing regulation; that is, deletion or modification of these sites does not result in IFM-specific splicing of the Mlcl transcripts (E. M. C. Skoulakis, B. G. Leicht, and S. Falkenthal, unpublished data) . Thus, use of the IFM-specific splicing pathway must require the interaction of a trans-acting factor(s) with other sequences within the primary transcript.
To study the evolution of the MCI gene and its regulation by alternative premRNA splicing, we have isolated the Mlcl genes of three other Drosophila species (D. simulans, D. pseudoobscura, and D. virilis) and have compared their sequence and expression with those of the D. melanogaster Mlcl gene. Drosophila simulans is a sibling species of D. melanogaster (Ashbumer 1989 (Ashbumer , pp. 1167 . The obscura and melanogaster subgroups diverged from a common ancestor -45 Mya, while the virilis subgroup arose in a separate radiation -62 Mya (Throckmorton 1975; Beverley and Wilson 1984) . This set of species represents a range of divergence times that allow identification of moderately and strongly conserved regulatory sequences (Heberlein and Rubin 1990; Michael et al. 1990) . In addition to the utility of this approach for identification of putative cis-regulatory elements, patterns of interspecific nucleotide divergence among the Mlcl coding regions will shed light on the evolutionary forces acting on the MLCl protein and, in particular, on the two alternative carboxylterminal exons.
Material and Methods
Except where specified, all DNA manipulations and cloning procedures were carried out as described in Molecular Cloning: A Laboratory Manual (Sambrook et al. 1989, pp. 1.1-2.122, 5.1-6.62, 10.6-10.17) . Genomic DNA was isolated as described by Clark and Lyckegaard ( 1988) . Oligonucleotides for sequencing and polymerase chain reaction (PCR) were synthesized by Oligos Etc. and by the Pennsylvania State University Biotechnology Institute. Oligos were generally 20 nt in length and were identified by their position in the Falkenthal et al. ( 1985) sequence.
Southern Blot Analysis
Genomic DNA that had been digested with various restriction enzymes was separated in 1% agarose gels and was transferred to nylon membranes (Micron Separations Inc.) by vacuum blotting ( Olszewska and Jones 1988) . The membranes were hybridized as described elsewhere (Clark and Lyckegaard 1988) .
RNA Isolation, cDNA Synthesis, and PCR Total RNA was extracted from whole larvae or dissected tissues of 20-30 l-3-d-old adults as described elsewhere (Chun and Falkenthal 1988) . cDNA was generated by reverse transcription with primer Mlc2849' and Moloney murine leukemia virus ( M-MLV ) reverse transcriptase (Bethesda Research Laboratories), according to the manufacturer's specifications. One-eighth of each reverse-transcription reaction was used for PCR amplification ( Saiki et al. 1988 ) . As negative controls, template cDNA was omitted or total RNA that had not been reverse transcribed was used as the template. Either of two 5' primers (Mlc689 or Mlc 1835) and primer Mlc2849' were used for the amplifications. Forty amplification cycles were performed under the following profile: 94°C for 1.5 min, 50°C for 1.5 min, and 72°C for 2.0 min. Amplification products were separated on 1.5% agarose gels and were stained with ethidium bromide. ( Falkenthal et al. 1985) . Hybridizations were performed at 40°C in 2 X SSC (0.3 M sodium chloride, 0.03 M sodium citrate) containing 35% formamide, 0.1% ficoll, 0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone, 100 pg sonicated salmon sperm DNA/ ml, 10% dextran sulfate, and 5 X 10 5 dpm nick-translated probe/ml. Washes were performed at 60°C in 1 X SSC containing 0.1% sodium dodecyl sulfate. Phage clones that remained positive after three rounds of hybridization were plaque purified.
Plasmid clones were generated from the D. virilis hZap clones by excision and recircularization as described by Stratagene. Restriction fragments encompassing the D. pseudoobscura Mlcl gene were identified by probing Southern blots of the individual clones with the D. melanogaster Mlcl gene, and the cross-hybridizing restriction fragments were cloned into Bluescript (Stratagene). The plasmid clones were mapped by a combination of single and double digests with various six-cutter restriction enzymes. Additional smaller subclones to be used for sequencing were derived from the original plasmid subclones. Dideoxy sequencing ( Sanger et al. 1977 ) of double-stranded plasmid DNA was performed with Sequenase (version 2.0; U.S. Biochemical). Initial reactions were performed with the Ml 3-40 and reverse primers. Subsequent reactions were performed with a series of primers corresponding to regions of the Mlcl gene that are conserved in all three of the species. Except for part of the 5' and 3' flanking regions and part of intron 2, both strands were sequenced.
PCR Amplification and Direct Sequencing of the D. simulans Mlcl Gene
The D. simulans Mlcl gene was amplified by PCR using four overlapping sets of primers: set 1 = Mlc445 and Mlc 1735 '; set 2 = Mlc906 and Mlc2 16 1'; set 3 = Mlc1670 and Mlc2758'; and set 4 = Mlc1835, and Mlc2849'. Reactions were carried out with l-2 yg D. simulans genomic DNA, under the conditions described above. Single-stranded DNA was generated as described by Higuchi and Ochman ( 1989 ) and was directly sequenced with Sequenase. For the regions corresponding to coordinates 1235-1705 and 1705-2 115 of the D. melanogaster gene, the double-stranded PCRamplified DNA was digested with appropriate restriction enzymes and was cloned into Bluescript. Because of the high misincorporation rate of Taq polymerase, four independent subclones of each region were sequenced. Both strands were sequenced, except for approximately the 5'-most 26 bp and 3'-most 24 bp of the amplified region. 
DNA Sequence Analysis
Contiguous DNA sequences were assembled by using the program Seqman (DNAStar).
Exons and introns were assigned on the basis of conservation of the coding region and consensus splicing signals. Pairwise alignments were constructed with the program SIM (Huang et al. 1990 ) and the program ALIGN in DNAStar, which uses the algorithm of Wilbur and Lipman ( 1983) . Multiple sequence alignments were constructed with the routines MSA (Lipman et al. 1989) and GeneAlign (Needleman and Wunsch 1970) in the Intelligenetics package. These programs gave different alignments of the introns and 5' flanking region. We found that the "best subjective" alignments of the introns could be obtained with fairly low gap penalties, implying acceptance of frequent insertion/deletion events in the evolution of the introns. The final multiple alignment of the introns and 5' and 3' flanking regions was thus an ad hoc manual alignment based on the multiple and pairwise alignments. Secondary structures of the pre-mRNAs were predicted with the programs MFOLD and PCFOLD (Jaeger et al. 1989a (Jaeger et al. , 1989b Zuker 1989) . A series of suboptimal structures were determined for both 37°C and 25°C in order to identify the robust features. Significance of folding energies was assessed by comparing the free energies calculated from the observed sequences with that obtained from 100 random permutations of each sequence.
Results

Alternative Splicing of Mlcl Transcripts Is Evolutionarily Conserved
Southern blots of Drosophila simulans, D. pseudoobscura, and D. virilis genomic DNA yielded hybridizing bands consistent with there being a single Mlcl gene in all of the species. To ascertain whether the Mlcl transcripts of these other species are alternatively spliced in the same manner as observed for D. melanogaster, we isolated total RNA from larvae and from dissected adult IFM, legs, and heads of D. pseudoobscura and D. virilis. (Because D. simulans is so closely related to D. melanogaster, we presumed that alternative splicing of the Mlcl pre-mRNA would also occur in this species, and it was not included in this analysis.) The RNA was reverse transcribed by using a primer complementary to part of the 3' untranslated region of exon 6 of the D. melanogaster Mlcl gene. The cDNA so obtained was amplified by PCR using the exon 6 primer as the 3' primer and a primer complementary to D. melanogaster Mlcl exon 2 as the 5' primer. As shown in figure 2, we achieved amplification of D. pseudoobscura and D. virilis cDNA, indicating that there was sufficient conservation of exon sequences among the species to use this approach. More important, the sizes of the cDNA products obtained from the different muscle types indicate that the Mlcl transcripts are alternatively spliced with the same tissue specificity as in D. melanogaster. While the size difference between the IFM and tubular-muscle cDNAs is the same for the three Drosophila species, there appear to be slight differences in the lengths of the mRNAs of the species. Both cDNA types of D. pseudoobscura migrate slightly more slowly in gels than do those of D. melanogaster, while both cDNAs of D. virilis migrate slightly faster. As shown below, these length differences are attributable to length differences in the 3' untranslated region of exon 6. Falkenthal et al. ( 1985) . A combination of single-and double-enzyme digests with the following enzymes were used to construct the restriction maps: BamHI (B), BglII (Bg), EcoRI (E), Hind111 (H), PstI (P), PvuII (Pv), and Sac1 (Sa). 
Comparison of Protein-coding Regions
In each species, translation initiates at the terminal ATG triplet of exon 1. With the exception of the D. virilis gene, each gene has the potential to encode two 155-amino-acid polypeptides via alternative splicing of exon 5. Exon 5 of all of the genes encodes 14 amino acids and the first translational terminator. In the D. simulans and D. pseudoobscura genes, exon 6 also encodes 14 amino acids followed by a second translational terminator. In exon 6 of the D. virilis gene, the carboxyl-terminal lysine codon has been replaced with a termination codon, resulting in a predicted polypeptide that is one amino acid shorter than that of the other species ( fig. 4) .
The amino acid identity among the four genes is quite high ( fig. 4 and table 1). Only a single amino acid difference distinguishes D. melanogaster from D. simulans. The largest number of amino acid differences between any two genes is 10 (see D. pseudoobscura-D. virilis alignment; fig. 4 ). Amino acid identity is particularly high in and around the conserved EF-hand domain of the MLCl polypeptide (Falkenthal et al. 1984) . From amino acid 64 to amino acid 122, the predicted MLC 1 polypeptides of the four species are identical at all but one position, and that is a conservative replacement of leucine by methionine in D. simulans and D. pseudoobscura. This same replacement of a methionine for a leucine has occurred in the chicken myosin alkali light chain (Falkenthal et al. 1984) . Divergence within the alternatively spliced exon 5 is also low; there is a single conservative amino acid change at position 144. Exon 6, which encodes the carboxyl terminus of the IFM-specific MLCl isoform, is somewhat more divergent, in that amino acid differences are found at three separate positions ( see fig. 4 ).
In pairwise comparisons of the four sequences, we found 38 amino acid differences, all conservative with respect to charge. Expected counts of conservative and radical amino acid changes were generated by simulating the observed number of mutations constrained only by the base-transition probabilities. The simulation produced an average of 92 conservative nonsynonymous differences and 12 radical nonsynonymous differences. The probability of observing zero radical changes is <0.005 by the Fisher exact test (Sokal and Rohlf 198 1, , so the proteins show significant charge conservation.
Estimates of total nucleotide divergence ( dt) within the coding regions, along with a breakdown of the synonymous substitution rate per synonymous site ( dS) and nonsynonymous substitution rate per nonsynonymous site ( d, ), are presented in table 1. The values of total divergence that were obtained clearly support the published genealogy of the Drosophila species ( [ ( melanogaster, simulans ) and nonsynonymous substitutions, an unexpected pattern emerges. On the basis of nonsynonymous sites alone, the D. pseudoobscura Mlcl allele is the most divergent from the D. melanogaster allele, and the gene genealogy is { [ (melanogaster, simulans) virilislpseudoobscura } . This aberrant tree is obtained from both a parsimony analysis and a maximum-likelihood analysis of amino acid sequences. Significance of the apparent excess nonsynonymous substitution on the branch leading to D. pseudoobscura was assessed by a cladistic analysis of synonymous and nonsynonymous changes, which allows assignment of the substitutions to branches of the genealogy. For example, figure 4 shows that codon 5 is identical in melanogaster and virilis but that pseudoobscura has a silent substitution in the third position. The most parsimonious explanation is that the mutation occurred in the branch leading to pseudoobscura ( fig. 5, branch B) . Codon 169 could have had two nonsynonymous changes in any pair of the branches of the genealogy, and, because of this ambiguity, it was deleted from the analysis. Similarly, the termination codons were not considered. The final tally of substitutions suggests that the pseudoobscura branch has an excess of nonsynonymous changes (fig. 5). A 3 X 2 contingency x2 shows that these counts are not homogeneous (x2 = 7.48, P < 0.05). When the virilis and pseudoobscura branches (A and B) are compared in a 2 X 2 x2, the excess nonsynonymous substitution in the pseudoobscura branch is significant (x2 = 7.30, P < 0.01). On the other hand, the virilis and melanogaster branches were found to be homogeneous (x2 = 0.89, not significant). Fewer substitutions have occurred in the pseudoobscura-melanogaster split, and the comparison of branches B and C is not significant (x2 = 2.06, not significant) even though the ratio of synonymous and nonsynonymous substitutions is 6 in the melanogaster branch and only 1.67 in the pseudoobscura branch. We conclude that the branch leading to pseudoobscura has a significantly higher proportion of nonsynonymous substitution than does the branch leading to virilis.
In general, there is large excess of synonymous-site substitutions, compared with nonsynonymous-site substitutions. Of 63 polymorphic sites, only 13 have nonsynonymous changes. The significantly lower rate of nonsynonymous substitution relative to synonymous substitution is consistent with the idea that the majority of amino acid replacements are deleterious and have been eliminated from the population by purifying selection (Kreitman 1983) .
There also appears to be a deficit of substitution flanking the splice sites. There are no nonsynonymous differences among the 24 codons spanning the splice sites (codons 10-14, 109-l 14, 138-143, and 153-159), while among the remaining 147 codons there are 38 pairwise nonsynonymous differences. The probability of this by the Fisher exact test is 0.00 1, indicating a significant deficit of nonsynonymous substitution near the splice sites. Among the codons near splice sites, there were six pairwise comparisons with synonymous differences, and remaining codons had 160 pair-wise synonymous differences, a difference that was significant at P < 0.001 by a x2 test. The significant deficit of both synonymous and nonsynonymous substitutions near splice sites implies that splicing constraints on the pre-mRNA sequence impact the evolution of the protein at exon boundaries.
Comparison of 5 ' and 3 ' Flanking Sequences
Comparison of the sequences 5' and 3' to the coding region of the four Mlcl genes has revealed a number of conserved regions ( fig. 6 ). The sequence TTCAGTC, which matches the consensus Drosophila transcriptional initiator at six of seven positions (Cherbas et al. 1986; Hultmark et al. 1986 ), is found 57 bp 5' of the ATG The untranslated leader region of exon 1 also is highly conserved; changes are NOTE.-values were computed by using method II of Nei and Gojobori (1986) . SDS were computed by using the method of Nei and Jin (1989). found at only four sites within the 54-bp leader. The sequence CAAAATG defines the start of translation in each of the species and is a perfect match to the Drosophila consensus translational initiation signal (Cavener 1987) . The high sequence and length conservation of the leader region is not typical of the Drosophila genes. The short length of the leader is also unusual, even when compared with those of other genes encoding muscle structural proteins.
A number of conserved features are present in the 3' untranslated regions of the four MZcl genes. Immediately following the termination codon in exon 6 is a short region of variable length (8-3 1 bp) that bears only limited similarity between the species. This is followed by a region containing a variable number of CAA repeats. The variation in number of repeats, in combination with the length variation 5' to the repeats, is responsible for the length differences observed for the PCR-amplified cDNAs described above. Just downstream of the CAA repeats is an -120-bp region of nearly perfect nucleotide identity among the species. The sequence identity continues for approximately an additional 70 bp in the D. melanogaster and D. virilis genes and includes a consensus polyadenylation signal ( AATAAA ) . (The equivalent region has not been sequenced in the other two species.) Beyond this point, the similarity is again more limited, although both genes are quite AT rich.
Comparison of Intron Sequences and Structure
Both the positions and sizes of the introns are conserved among the four Drosophila Mlcl genes ( fig. 3) . The 5 ' and 3' splice sites conform well with the consensus sequences (Mount 1982; Keller and Noon 1985) . The only notable deviation is the 3 ' splice site of intron 4, which, in all the species, lacks a polypyrimidine tract immediately upstream of the AG dinucleotide. However, polypyrimidine-rich tracts can be found somewhat farther upstream in each of the genes. In addition, no good matches to the consensus branch-point sequence (CTAAT) of Drosophila can be found within 100 bp of the 3' splice site of intron 4 in any of the genes. Falkenthal et al. ( 1987) suggested that the sequence CCGAT, 29 bp upstream of the 3' splice site of D. melanogaster intron 4, could serve as the branch site. A similar sequence, TCGAT, is found near the 3' splice site of the D. simulans and D. pseudoobscura intron 4, and a similar sequence, TTGAT, is found near the 3' splice site of the D. virilis intron 4. However, in the latter two species this sequence is within lo-13 bp of the 3 ' splice site AG, which is closer than any previously reported branch point. Therefore, the branch point of intron 4 may reside farther upstream. For the other introns, putative branch points with good matches to the Drosophila consensus can be found 16-45 bp upstream of the 3' splice site AG. Aside from the consensus splicing signals, there is little sequence conservation within introns 1,3, and 5 of the four Mlcl genes. Intron 2, on the other hand, contains several long stretches of great similarity, interspersed among nonconserved regions ( fig. 7 ). In the 3' half of the intron, there are three long conserved regions, of 54,4 1, and 58 bp, with 85%, 73%, and 91% sequence identity (including gaps), respectively. In addition, six shorter ( IO-23-bp) regions with 375% sequence identity, are present within this intron. It is interesting that the 54-bp region contains sequences resembling a 3 ' splice site including the branch-point consensus sequence CTAAT followed by a region with relatively high pyrimidine content. An appropriately positioned AG dinucleotide also is present in the D. melanogaster, D. simulans, and D. pseudoobscura genes. However, the similarity breaks down -20 bp beyond the putative 3' splice site, and a search for a cognate 5' splice site downstream failed to reveal any good candidates. A search of the DNA data base, for matches to any of the regions described above, revealed modest matches between the 54-bp region and a number of genes, including the 3' noncoding region of the D. melanogaster myosin light-chain 2 gene and an
-DNA sequence alignments of untranslated and flanking regions of the Mlcl locus. A, 5' Flanking region and untranslated leader region. DNA sequences 5' to the transcriptional start site are shown as lowercase letters; and transcribed sequences are shown as uppercase letters. The translational initiation codon is underlined. Regions of ~80% identity among the genes are enclosed in the shaded boxes. B, 3' Untranslated region and flanking sequences. The alignment begins with the first nucleotide of exon 6. The protein-coding portion of exon 6 is boxed (unshaded). The translational termination codons (thicker lines) and polyadenylation signal (thinner line) are underlined. Regions of significant similarity in the 3' untranslated (uppercase letters) and flanking DNA (lowercase letters) are enclosed in shaded boxes. The D. melunugaster sequences are numbered according to the previously published sequence (Falkenthal et al. 1985) . Dashes represent gaps (introduced to maintain alignments); empty spaces 5' and 3' to some of the genes represent regions that have not been sequenced. actin gene of the medfly Cerititis capitata. Matches were also found between the 4 lbp region and a number of other Drosophila genes.
Alignment of intron 4, which is upstream of the alternative exon, also has revealed several conserved sequence blocks of variable size ( 8-13 bp) that are embedded within highly divergent sequences ( fig. 7) . The two most notable blocks of similarity are a lo-bp region with the sequence STCTRCGCAC and a 13-bp region with the sequence CTGCACYDTGCAC.
Included within each of these conserved blocks is the sequence YGCAC. This sequence is present in multiple copies throughout intron 4 in each of the genes, although the position is variable.
We also have examined the putative secondary structures of the intron 4-exon 5-intron 5 region, by computer modeling (Jaeger et al. 1989a (Jaeger et al. , 1989b Zuker 1989) . Studies of a variety of self-splicing introns (Cech 1990) and of the alternatively spliced vertebrate P-tropomyosin gene (D'Orval et al. 199 1; Libri et al. 199 1) have demonstrated the importance of secondary structure in the splicing process. Moreover, compensatory base changes in the genes may maintain structural features that are not apparent from the primary-sequence comparisons alone (Pace et al. 1989 ) . Computer models of the 189-bp region including the last 100 bp of intron 4, all of exon 5, and 42 bp of intron 5 show a tendency to have many small stems and loops. Although the exact location of stems and loops differs somewhat among species, this region appears to have a conserved excess of free energy. The significance of this was assessed by calculating the free energy obtained from folding randomly permuted sequences in which the order of the bases (but not the percentage of each) within this 189-nt region was scrambled. For D. melanogaster the observed free energy was -28.1 kcal/mole, and the randomized sequences had a mean and standard deviation (SD) of -34.94 + 4.35 kcal/mole. For D. simulans these figures were -28.6 kcal/mole and -36.01 + 3.80. For D. pseudoobscura they were -18.9 kcal/mole and -29.88 -t 4.09, and for D. virilis they were -26.9 kcal/mole and -32.20 f 4.56. Counts of randomized sequences whose free energy was higher than that for the observed sequence were 2/ 100, 1 / 100,O / 100, and 7 / 100 for melanogaster, simulans, pseudoobscura, and virilis, respectively. With the exception of D. virilis, it appears that the observed region spanning exon 5 has a higher free energy than expected of a random sequence. This folding analysis suggests similarity in the energetic stability of the folding of the region surrounding exon 5.
Discussion
Interspecific comparison of the Mlcl genes of Drosophila melanogaster, D. simulans, D. pseudoobscura, and D. virilis has revealed that both the genomic organization and developmental regulation via alternative splicing of this locus have been conserved. Within the coding regions the nucleotide identity is >,90%, depending on the particular gene pairs compared. In general, there is a large excess of synonymoussite substitutions, compared with nonsynonymous-site substitutions, with the latter being restricted to conservative substitutions. This degree of conservation is higher than that reported for most other genes for which similar interspecific sequence comparisons have been conducted (reviewed in Krasney et al. 1990; O'Neil and Belote 1992) . In comparisons of seven other D. melanogaster genes with their D. pseudoobscura counterparts, the average divergence in amino acid sequence is 10%. The average amino acid divergence for 11 orthologous genes of D. melanogaster and D. virilis is -24%. Moreover, amino acid sequence identity is fairly uniform along the length of the protein-rather than there being highly conserved domains interspersed among Falkenthal et al. ( 1985) ; Gaps are represented as dashes.
highly variable regions, as observed for a number of proteins with regulatory functions (Colot et al. 1988; Heberlein and Rubin 1990; Michael et al. 1990; Newfeld et al. 199 1; O'Neil and Belote 1992 ) . In light of both the small size ( m 20 kD ) of the MIC 1 polypeptides and their structural role in the muscle thick filament, this strong conservation of sequence of the coding regions is not surprising. 
Identification of Putative c&regulatory Elements
Although we have sequenced only a portion of the 5' and 3' noncoding regions of the D. simulans, D. pseudoobscura, and D. virilis Mlcl genes, the regions that have been sequenced bear considerable sequence identity to the equivalent region of the D. melanogaster gene. Upstream of the transcriptional start site we have identified two long tracts of sequence conservation: ( 1) a 50-bp region immediately 5' of the start site, which is shared by D. melan&aster, D. pseudoobscura, and D. virilis, and (2) an -45-bp region -200 bp upstream that is shared by D. melanogaster and D. pseudoobscura. The 5 ' and 3 ' untranslated regions of the genes also are particularly well conserved. The great similarity within the 3' untranslated region is not typical of all Drosophila genes and suggests that regulatory signals may lie 3' to the gene, as well as upstream of the gene. An enhancer element has been localized to the 3' untranslated region of the rat MZcl/3 gene ( Donoghue et al 1988) , providing a precedent for the localization of regulatory sequences 3' to the gene. DNA-data-base searches have not revealed significant matches of these sequences to other Drosophila or muscle genes.
Recently, interspecific sequence comparisons have been used to identify presumptive cis-regulatory elements involved in the alternative splicing. O'Neil and Belote ( 1992) have reported conservation of an -4O-bp region around the regulated nonsex-specific 3' splice site of the tra gene. This same region previously had been implicated in the sex-specific regulation of tra pre-mRNA splicing (Sosnowski et al. 1989; Inoue et al. 1990) . Similarly, interspecific comparison of sequences around the female-specific splice site of the dsx gene has revealed strong conservation of a 14-bp element (K. Burtis, personal communication).
Other than the consensus splicing signals, no significant regions of similarity were found within intron 5 of Mlcl. However, two short tracts, of 10 and 13 bp, with 280% sequence identity among the four species were found near the middle of intron 4. The significance of these sequence matches is not clear.
Computer modeling of the secondary structure of the region surrounding exon 5 suggested that this region forms stem-loop structures with higher free-energy values than those of randomly permuted sequences. However, no specific structure appears to be conserved among the species. If natural selection were to favor a stable structure, then the conservation of stems would be expected. On the other hand, if selection favors an unstable folding structure (e.g., to make the region more accessible to splicingfactor binding), then free energies greater than those in random sequences could be attained even though no particular stem is conserved.
We have found that, in contrast to the situation in intron 4, there are three extensive regions (>40 bp) of sequence conservation within the nonalternatively spliced intron 2. Similar large blocks of sequence similarity have been reported for several other nonalternatively spliced introns ( Kassis et al. 1986; Heberlein and Rubin 1990; Krasney et al. 1990) . While these may be evolutionary relics of a past common ancestor, it is known that a number of Drosophila genes have enhancer elements within introns (Gasch et al. 1989; Schultz et al. 199 1) .
Comparison of the Alternative MLCl Isoforms
While comparison of the predicted protein products of the four Mlcl genes revealed extremely high amino acid identity overall, the IFM-specific carboxyl terminus encoded by exon 6 was found to have a higher percentage of variable residues ( 3 / 14) than did the larval/tubular muscle-specific carboxyl terminus encoded by exon 5 ( 1 / 14). We had expected both of the alternative carboxyl termini to be functionally constrained. However, with the exception of a nonsynonymous substitution at codon 165, all of the amino acid changes do cluster at the extreme carboxyl terminus (codons 169-l 72). Thus, the last three amino acid residues of the MLCl polypeptides may be free to diverge, while the more amino-terminal residues remain functionally constrained. Alternatively, there may be subtle species-specific variation in the contractile properties of the IFM that are attributable to these differences in the carboxyl termini of their IFM isoforms.
Another possible explanation for the difference in the number of amino acid changes in exon 5 and exon 6 is that exon 5 may be subject to additional selective constraints relating to the alternative splicing of this exon. In addition to coding for the carboxyl terminus of one of the MLC 1 isoforms, sequences within this exon may play a regulatory role in alternative splicing. Work of several groups has provided evidence for a role of exon sequences, as well as intron sequence elements, in alternative of Drosophila Mlcl 787
splicing (Cooper and Ordahl 1989; Hampson et al. 1989; Laski and Rubin 1989; Streuli and Saito 1989; Libri et al. 1990; Nagoshi and Baker 1990) . In this regard, there are fewer synonymous substitutions in exon 5 compared with exon 6. Moreover, the DNA sequence downstream of the termination codon of exon 5 is identical in the four A4Zcl genes, while the DNA sequence immediately downstream of the termination codon of exon 6 varies considerably among the four genes.
